J p = \ Pentaquarks in Jaffe and Wilczek's Diquark Model 
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If Jaffe and Wilczek's diquark picture for 0$ pentaquark is correct, there should also exist a 
SUf(3) pentaquark octet and singlet with no orbital excitation between the diquark pair, hence 
J p — | . These states are lighter than the Q§ anti-decuplet and lie close to the orbitally excited 
(L=l) three-quark states in the conventional quark model. We calculate their masses and magnetic 
moments and discuss their possible strong decays using the chiral Lagrangian formalism. Among 
them two pentaquarks with nucleon quantum numbers may be narrow. Selection rules of strong 
decays are derived. We propose the experimental search of these nine additional J p = | baryon 

states. Especially there are two additional J F = ~ A baryons around A(1405). We also discuss 
the interesting possibility of interpreting A(1405) as a pentaquark. The presence of these additional 
states will provide strong support of the diquark picture for the pentaquarks. If future experimental 
searches fail, one has to re-evaluate the relevance of this picture for the pentaquarks. 
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I. INTRODUCTION 

Since LEPS announced the surprising discovery of 
the very narrow pentaquark (uudds) around 1540 
MeV last year 0, many other experimental groups 
have claimed the observation of evidence of its existence 
13. El [3. P. E3 . B [E El while a few groups reported negative 
results [lOL [Ilj . Preliminary experimental data indicate 
that <d£ is an iso-scalar. Later, NA49 Collaboration 0] 
reported a second narrow pentaquark Sg~~ (ddssu) at 
1862 MeV, to which serious challenge is raised in Ref. 
[lflj . Very recently, HI Collaboration reported the dis- 
covery of the anti-charmed pentaquark [lj] . 

One can use some textbook group theory to write down 
the wave functions in the framework of quark model. 
Because of its low mass, high orbital excitation with 
L > 2 is unlikely. Pauli principle requires the totally 
anti-symmetric wave functions for the four light quarks. 
Since the anti-quark is in the [11] c representation, the 
four quark color wave function is [211]c. 

With L = 0, hence P = — , the 4q spatial wave 
function is symmetric, i.e., [4]o- Their SU(6)fs spin- 
flavor wave function must be [31]|?g which contains 
[22J % x [3111 after decomposition into SU(S) F X SU(2) S 
|l5l Ha . Il7| . Here 210, 6 etc is the dimension of the 
representation. When combined with anti-quark, we get 
([33]}, + [21]|) x (I 41 ]s + [32] s ), which is nothing but 
(10f + 8f) x + (|)s) m terms of more common no- 

tation. The total angular momentum of the four quarks 
is one. The resulting exotic anti-decuplet is always ac- 
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companied by a nearly degenerate octet. Their angular 
momentum and parity is either J p = § or 1 . 

With L = 1 and P = +, the four quark SU(6)ofs 
space-spin-flavor wave function must be [31]ofs- Only 
this representation can combine with [211]c color wave 
function to ensure that the 4q total wave functions 
are anti-symmetric. The 4q orbital wave function 
is [31]o- There are several SU(6)fs wave functions 
[4]fs, [31]fs, [22] FS) [211] fs which allow the 4q total 
wave function to be anti-symmetric and lead to the octet 
and exotic anti-decuplet [l(| [l7| • 

At present there are two outstanding pending issues: 
the parity and its narrow width. Two earlier lattice 
QCD simulation favored negative parity for O^" while 
a recent one advocates positive parity |19|. Theoretical 
papers can be roughly classified into two categories ac- 
cording to O^" parity. 

The parity of the anti-d ecup let is positive in the chi- 
ral soliton model [2(], |22| |. But the foundation of 
this framework is questioned in Ref. j2j [24|. Several 
clustered quark models were constructed to let the anti- 
decuplet carry positive parity [2^, l2rj |27l There are 
other models favoring positive parity |28ll29l l30| . 

On the other hand, QCD sum rule approach favors neg- 
ative parity for O^" |3lll32||. Recently in the framework of 
the flux tube model pentaquark is proposed to have a 
extremely stable diamond structure with negative parity 
|33|. There are also many models supporting negative 
parity |34l l35l |36J . Many schemes have been proposed to 
determine the pentaquark parity experimentally |37j . 

All experiments indicate the O^" pentaquark is very 
narrow. More stringent constraint on its decay width 
comes from the reanalysis of the previous kaon nucleon 
scattering data, which sets an upper bound of one or 
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two MeV 38]. Otherwise, the 0^ pentaquark should 
not have escaped detection. The width of a conventional 
baryon 100 MeV above the threshold is typically 100 MeV 
or bigger. Therefore, the extremely narrow width is very 
puzzling. 

Recently there appeared several interesting schemes for 
the narrow width. Within the chiral soliton model, the 
coupling constants in the leading order, next-leading or- 
der and next-next-leading order large N c expansion can- 
cel almost completely, which leads to a narrow width 
[22|. It is suggested that one of two nearly degenerate 
pentaquarks can be arranged to decouple from the decay 
modes after diagonalizing the mixing mass matrix via 
kaon nucleon loop [3jJ . After constructing a special pen- 
taquark wave function with the color-orbital part being 
totally anti-symmetric, the overlap amplitude between 
the final state and pentaquark is suppressed significantly 
|35j . which may also explain the narrow width. Such 
a scheme is based on the mismatch of initial and final 
state spin-flavor wave functions 0, 0, |4l| . With the 
stable diamond structure the system undergoes a special 
structural phase transition when the pentaquark de- 
cays into the planar kaon and nucleon. The non-planar 
flux tubes were broken and new planar ones are formed. 
Hence the decay width of the <d~£ pentaquark should be 
small 33]. 

In this paper we will study the phenomenology of Jaffc 
and Wilczek's diquark model for the pentaquarks. We 
note the problem with with the identification of the ide- 
ally mixed positive parity pentaquarks with the 7V(1710) 
and JV(1440) is discussed extensively in 42]. If the di- 
quark model is correct, there should exist a SUf(3) pen- 
taquark octet and singlet with no orbital excitation be- 
tween the diquark pair and J p = \ . These states are 
lighter than the 0g" anti-decuplet and lie close to the 
orbitally excited (L=l) three-quark states in the conven- 
tional quark model. 

Our paper is organized as follows: Section I is a brief 
review of the field . In Section |n] we use JW's model j2^ 
to calculate the masses and magnetic moments of the 
pentaquark octet and singlet which arise from 3f ® 3p, 
where the diquark-diquark system is in the flavor 3f and 
the antiquark is in the flavor 3f • Our present pentaquark 
octet is in the mixed antisymmetric representation, which 
is different from the mixed symmetric pentaquark octet 
accompanying the anti-decuplct. In Section IlIII we dis- 
cuss strong decays of these states. In Section llVl we de- 
rive selection rules in the case of ideal mixing. The final 
section is a short summary. 



II. MASSES AND MAGNETIC MOMENTS OF 
THE PENTAQUARK OCTET AND SINGLET 

Jaffe and wilczek [2^ proposed that pentaquark states 
are composed of two scalar diquarks and one anti-quark. 
Diquarks obey Bose statistics. Each diquark is in the an- 
tisymmetric color 3 state. The spin wave function of the 



two quarks within each scalar diquark is antisymmetric 
while the spatial part is symmetric. Pauli principle re- 
quires the total wave function of the two quarks in the di- 
quark be anti-symmetric. Thus the flavor wave function 
of the two quarks in the diquark must be antisymmetric, 
i.c, the diquark is in the flavor 3f state. The diquark 
and antiquark flavor wave functions are listed in Table [I] 



(Y,I,h) 


Flavor wave functions 


(§,0,0) 


[ud],s 


(-- - -) 

\ 3 ' 2 ' 2 / 


[su] ,d 


( 1 1 M 


[ds] ,u 



TABLE I: Diquark and antiquark flavor wave functions. 
Where Y, I and ^3 are hypercharge, isospin and the third com- 
ponent of isospin respectively. [9152] = "^75 (9192 — 92<7i). 

The color wave function of the two diquarks within the 
pentaquark must be antisymmetric 3c- In order to get 
an exotic anti-decuplet, the two scalar diquarks combine 
into the symmetric SU(3) 6f : [ud] 2 , [ud][ds] + , [su] 2 , 
[su][ds] + , [ds] 2 , and [c?s][ud] + . Bose statistics demands 
symmetric total wave function of the diquark-diquark 
system, which leads to the antisymmetric spatial wave 
function with one orbital excitation. The resulting anti- 
decuplet and octet pentaquarks have J p — | + . 

We note that lighter pentaquarks can be formed if the 
two scalar diquarks are in the antisymmetric SU(3)f 3 
representation: [ud] [su] _ , [ud] [ds] _ , and [su] [ds] _ , where 

[9192] [93^4]- = yjCbi®] [3354]- [5394] [qi to])- No orbital 
excitation is needed to ensure the symmetric total wave 
function of two diquarks since the spin-flavor-color part 
is symmetric. The total angular momentum of these pen- 
taquarks is I and the parity is negative. There is no ac- 
companying J = I multiplet. The two diquarks combine 
with the antiquark to form a SU(3)f octet and singlet 
pentaquark multiplet: 3,f © 3f = 8f © If- The fla- 
vor wave functions of the pentaquarks are listed in Table 
ITU Similar mechanism has been proposed to study heavy 
pentaquarks with negative parity and lighter mass than 
9 c ,t in 00. 

According to JW's model [25| , the strange quark mass 
explicitly breaks SU(3)f symmetry. The [ud] diquark 
is more tightly bound than [us] and [ds]. The energy 
difference can be related to the S-A mass splitting. 
Thus, every strange quark in the pentaquark contributes 
a ee §(M S - M A ) w 60 MeV arising from [ud] and [us], 
[ds] binding energy difference. The Hamiltonian in JW's 
model reads 

H s = M + (n s + n s )m s + n s a (1) 

where Mq is the pentaquark mass in the SU (3)f symme- 
try limit. The last two terms are from SU (3)f symmetry 
breaking with m s w 100 MeV. Mo has the form 

M = 2m dl + rtiq + SM t (2) 
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(Y,I) h 


Flavor wave functions 


Masses (MeV) 




(1 i) 1 


[su] [ud] - s 


1460 


Tig 


1 

2 


[ds] [ud] — s 


1460 


y+ 

^8 


(0,1) 1 


[su] [ud] _ d 


1360 


£§ 





-j= ( [su] [ud] -U+ [ds] [ud] - d) 


1360 




-1 


[ds] [ud] _ u 


1360 


A 8 


(0,0) 


[ud] [su] u-{-[ds][ud] d 2[su][cZs] s 


1533 






= o 

^8 


(-1 -) - 

V x > 2 / 2 


[ds] [su] - d 


1520 


a a 


1 

2 


[ds] [su] - u 


1520 


Ai 


(0,0) 


[iieZ][su]_u+[ds][iid]„d+[s^][ds]_s 


1447 


v/3 



TABLE II: Flavor wave functions and masses of the | 



pen- 



taquark octet and singlet. 



where is the [ud] diquark mass, rriq is the anti-quark 
mass and SMi is the orbital excitation energy. We follow 
Ref. to use m dl = 420 MeV, m q = 360 MeV and 
5Mi = for / = to get M = 1200 MeV. Thus we can 
use Eq.Q) to compute masses of the pentaquark octet 
and singlet. The numerical results are collected in Table 

eh 

There are three mass relations among the nine pen- 
taquarks. First we get the Gell-Mann-Okubo relation for 
the pentaquark octet 



2M Ns + 2M Ss 



3M As + M Eg 



(3) 



which is similar to that for the ground state octet. We 
also have 



Ma 8 



M Al 



M Al - M Es 
Ms s ~ M Al 



(4) 



The pentaquark magnetic moment has the form |45| 
= = ^2(9t~st + h )fH, (5) 



where is the charge of the antiquark and rriq is the 
mass of the antiquark. We present the expressions and 
numerical results of octet and singlet pentaquark mag- 
netic moments in Table Unl 





(Y,I) h 


Magnetic moments 


Numerical results (hn) 


pa 


(1,1) § 


ep 
6m s 


0.63 


n 8 


1 

"2 


ep 
6m s 


0.63 


^8 


(0,1) 1 


en 
6m d 


0.87 







1 f e , ep ~i 
6 V m„ 2m d ' 


-0.43 




-1 




-1.74 


A 8 


(0,0) 


If e I e I 2e \ 
18 V m u ~ 2m d ' m 3 > 


0.27 


CO 
"8 


(-1 -) - 

\ >2' 2 


6m d 


0.87 


"8 


1 

2 


3m„ 


-1.74 


Ai 


(0,0) 


If e i eo i e \ 
9 V m u 2m rf ~ 2m, > 


-0.08 



TABLE III: Expressions and numerical results of the magnetic 
moments of the pentaquark octet and singlet, where eo is the 
charge unit. 

There exist several magnetic moment relations. 
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~Me° 


= ^2 - 








= 2(ma x 


-A*e») 














= Ms+ 








= Me- ■ 





(8) 



We note only the second one is similar to the Coleman- 
Glashow relations for nucleon octet Hal . 



III. PENTAQUARK CHIRAL LAGRANGIAN, 
STRONG DECAYS AND SELECTION RULES 



where Sj , U are the spin and orbital momentum of the 
i-th constituent respectively, gi is the g-factor of the 
i-th constituent and jii is the magneton of the i-th con- 
stituent. The spin of the scalar diquark is zero. There 
is no orbital momentum. So the magnetic moment of 
J p = i pentaquark 7? simply reads 



~M = (<?i~0 + 0Vi + (52 ~0 + 0V2 + (.93 ^ +~0)M3 



93 2 M3 , 



(6) 



where 1,2 denote the two scalar diquarks and 3 denotes 
the anti-quark. It is clear that the pentaquark magnetic 
moment arises from the anti-quark only. Finally we get 



f 1 = Mg 



2rriq 



2m n 



(J) 



In the case of pentaquark decays, if symmetry and 
kinematics allow, the most efficient decay mechanism is 
for the four quarks and anti-quark to regroup with each 
other into a three-quark baryon and a meson. This is 
in contrast to the 3 Pq decay models for the ordinary 
hadrons. This regrouping is coined as the "fall- apart" 
mechanism in Refs. [lj, |H, 0, El ■ 

In the following we write down the interaction chiral 
Lagrangian using SU(3)f symmetry. We denote a quark 
and anti-quark by q l ,cjj where i,j are the SU(3)f flavor 
indices. Note that the flavor wave function of the J p = 
i octet and singlet pentaquark arise from 



.4 



q k = S®Q 



[ij,k] i 



(9) 



where the indices ij are antisymmetric, Ar^-i is the 3f di- 
quark pair. S is the pentaquark singlet whose indices are 
contracted completely. OujM is the octet representation. 
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The index k represents the antiquark which contracts 
with one of the meson index. 

In Ref. 01 the chiral Lagrangian is built to discuss 
the decay modes of the anti-decuplet and octet with posi- 
tive parity. The authors pointed out that keeping explicit 
track of the flavor indices of the two diquarks minimize 
the independent coupling constants and lead to some se- 
lection rules. 

For the interaction of the J p — i pentaquark octet 
P, nucleon octet B and pseudoscalar meson octet M, we 
have 



(10) 



where [ljtk] = ei jk Pj; 
matrix B), M\ and P] is 



enkPj- The explicit form of the 



(pi) 



(4) 



(M|) 



/ =L + Aft 



\ ^8 

72 ^ 76 

s- 

V E ~ 

( iLL i m. 

I 72 76 



\ 



7T 

K~ 



y + 

^8 

'75 + 7e 

~0 



EL 4- A. 

'72 + 76 
"0 



7T 

72 + 76 



P8 

n 8 

2A 8 , 
76 / 



_2A 
76 / 

K° 

76 / 



(11) 



(12) 



(13) 



We present the Clebsch-Gordan coefficient of each inter- 
action term in Table llVl 



AA"~ 



i 

1 

1 

75 
2 



Ml 



E + 7T- 

E% 
Att+ 



i 

72 
1 

"7! 

i 

To 
i 

75 
1 

"72 
1 

To 



— 8 



3% 



Aif -4= 



i 

75 
i 

2 



E+vr 

E%+ 

E+770 

pK° 

Aty+ 



1 

'72 
1 

1 

1 

1 

vTi 



E+iT 3 

PVo 
AK+ 



i 

1 

2 

"76 
1 

75 



Zj 7T 
Zj 7T 

E-r? 
Att~ 



i 

1 

"72 
1 

v/rl 
1 
i 

76 



E-if+ 1 
E°*° 



A 8 



E+^" 

E-7T + 

E°7r° 
pA"" 

nif° 
E-K+ 
E°K° 

A?7o 



i 

7e 
i 

7T7 
l 

vTi 

1 

75 
i 

76 
2 

2 

"76 
1 



TABLE IV: Coupling of the J p = | pentaquark octet with 
the usual baryon octet and the pseudoscalar meson octet. The 
universal coupling constant g$ is omitted. 



The pentaquark octet can also couple with usual 



baryon octet and meson singlet 771. 
& = g 1 i$B i j r }1 +H.c. 



gi {N s N + S 8 E + S 8 S + A 8 A)t7i + H.c, (14) 



where 



N 



■=0 




(15) 



The interaction among pentaquark singlet Ai, normal 
baryon octet B and meson octet M is 

£[ = GiAiBjjM? + H.c. 

= G 1 A 1 {K c N + ttJ: + KE + Vq A) + H.c., (16) 



where 



,ir°,ir+),K = (K°,K+),K c = (K-,K°) .(17) 



Since the parity of these pentaquarks is negative, they 
will decay via S-wave if kinematics allows. With the mass 
values in Table [HJ it is easy to find out which decay 
process will occur. 

According to our mass estimate, only p s , n 8 are below 
the threshold of the listed decay modes in Table Hvl At 
first sight, there is no strong decay modes for them. They 
should be stable particles. 

However, there are multiple-pion decays modes which 
violate the "fall-apart" mechanism, such as S-wave p 8 — > 
Ntt, P-wave p 8 — > Nrnr and S-wave p 8 — > Nmrn where 
N is either a proton or neutron. 

Another possibility is the isospin violating strong de- 
cay mode ps — > prjo — > pit. The virtual intermediate state 
prjo helps this process happen. The first step satisfies the 
"fall-apart" mechanism. Then the virtual 770 turns into a 
real pion through isospin violating effects. All these pro- 
cesses contribute to the decay width of p 8 ,n 8 . However 
both ps and ti 8 should still be narrow resonances. 



IV. ADDITIONAL SELECTION RULES IN THE 
IDEAL MIXING CASE FOR THE I = SECTOR 

For the 1 = channel, physical states are the mixture 
of octet and singlet states. For example, the physical 77, 77' 
are the mixture of 770 and 77! where 770 is the pure octet 
member and 771 is the pure singlet. In the following we 
will let the mixing angle deviate from the physical value. 



77 = 770 cos 9 — 771 sin 9 
7]' = 770 sin 9 + 771 cos 9 



From the above we have 



7/0 = 77 sin 9 + 7] cos 9 
771 = 77' cos 9 — 7] sin 9 . 



(18) 



(19) 
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The mixing of Ag and Ai is defined as 

A n = Ag cos if — Ai sin if 
A s = A 8 sin ip + Ai cos <p. 



(20) 



Now the interaction terms involving 7 = states are 

1 



mixing = gg{(£g£ + SgS)// (-^= sin 9 + a cos 9) 



1 



+ (E 8 E + S 8 S)?7(^ cos 9 - a sin 9) 
V6 

2 

+N 8 Nr]'( = sin 9 + a cos 9) 

V6 

2 

+N s Nr]( -= cos 6> - a sin 0) 

V6 

+A s (7rE + K c N)(—= smp + bcos(p) 
V6 

+ A„ (7rS + K C N) ( — p cos v? — 6 sin 95) 
V6 

2 

+A S 7fH( -= s'mip + b cos <p) 

V6 
2 

+A„ ifS( r= cos if — b sin 95) 

V6 

+A S Ary/( p sin <£> sin + a sin <p cos 9 + b cos 99 sin 9) 

V6 

+A S A?7( p sin ip cos — a sin tp sin + 6 cos ^ cos 9) 

V6 

+A„ A?y/( ■= cos </? sin 9 + a cos y> cos 9 — b sin <p sin 0) 

V6 

+A„A?7( ■= cos ip cos 9 — a cos <p sin — 6sin(^cos0)} 

V6 



-Jf.c. 



(21) 



where a — ^,b= —. 

In the extreme case of ideal mixing, i.e., tan0 = 
tamp = — we have 

A s = [sw][(is]_s 

A„ = —^=([ud}[su]-u + [ds][ud]^d) 
V2 



7] = SS 

r\ = —j= (uu + dd) 



V2 V 



(22) 



The so-called " fall-apart" mechanism requires that there 
is no annihilation or creation of quark pairs when pen- 
taquarks decay. Hence the coefficient of the fourth and 
eighth terms must vanish in the limit of ideal mixing. In 
this way, we get 



a = b = —= 
V3 



(23) 



The three coupling constants g\ , G\ , g% are related to 
each other in this limit. 



Now Eq. H21f> has a simple form 

^-mixing = -^=(£g£ + E 8 E)l] + N&Nt]' 

+ -J=A„(^S + K C N) + A S KZ 

- A A s Aif + -J= A„ At? + (H.c.) . (24) 

The decay modes of A s and A n are 

A s — > KE-^=A V ' (25) 

A„ — > -J=(7rS + i<r c Ar) + -^AT7. (26) 

The above relation is the selection rule from the "fall- 
apart" mechanism in the ideal mixing limit. 

It's very interesting to note that the only dynamically 
allowed two decay modes of A s arc kincmatically forbid- 
den since A s is below the threshold. Therefore, A s will 
not decay via strong interaction. It is a long-lived sta- 
ble particle in the ideal mixing case. For A„ the only 
both dynamically and kinematically allowed decay mode 
is 7rS. Unfortunately, the physical rj and rf are not ide- 
ally mixed. So the results obtained in this section may be 
different from the realistic case, therefore not very useful. 



V. DISCUSSION 

We have shown that there exist an octet and singlet 
pentaquark multiplet with J p = | in the framework 
of Jaffe and Wilczek's diquark model. We have calcu- 
lated their masses and magnetic moments. Several inter- 
esting mass and magnetic moment relations are derived. 
We have also constructed the chiral Lagrangian for these 
pentaquarks. Possible strong decay modes are discussed. 
We have derived selection rules based on the " fall-apart" 
decay mechanism. In this limit there exists a long-lived 
stable J p — ~ A s pentaquark which will not decay via 
strong interaction. 

Because there is no orbital excitation within these 
nine pentaquarks, their masses are lower than the anti- 
decuplet and the accompanying octet with positive par- 
ity. Their masses range between 1360 MeV and 1540 
MeV according to our calculation using the same mass 
formula in [25(. These states are close to the L=I orbital 
excitations of the nucleon octet. The mixing between 
the pentaquark states and orbital excitations is expected 
to be small since their spatial wave functions are very 
different. 

According to our calculation, two of the J p = | octet 
pentaquark members Ps,n 8 lie 22 MeV below the prjo 
threshold and 228 MeV below the T,K threshold. The 
"fall-apart" decay mechanism forbids p% to decay into 
one nucleon and one pion. Although their interaction is 
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of S-wave, lack of phase space forbids the strong decays 
P8 ~ * PVoi to happen. 

For ps, the only kinematically strong decays are S-wave 
Ps — > p7r, P-wave ps — * A7T7T and S-wave ps — ► Niririr 
decays where N is either a proton or neutron. All these 
decay modes involve the anihilation of a strange quark 
pair and violate the the "fall-apart" mechanism. Hence 
the width is expected to be small. Both pg and n% may 
be narrow resonances. 

It is interesting to note there are three negative-parity 
A particles within the range between 1400 MeV and 1540 
MeV if Jaffe and Wilczek's diquark model is correct. 
One of them is the well established A(1405). A(1405) 
is only 30 MeV below kaon and nucleon threshold. Some 
people postulated it to be a kaon nucleon molecule [isj . 
We propose that there is another intriguing possibility 
of interpreting A(1405) as the candidate of J p = | 
pentaquark. The other J p = | pentaquark and the 



corresponding L=l singlet A particle may have escaped 
detection so far. 

The discovery of nine additional negative-parity 
baryons in this mass range will be strong evidence sup- 
porting the diquark model. On the other hand, if fu- 
ture experimental searches fail to find any evidence of 
these additional states with negative parity, one has to 
re-evaluate the relevance of the diquark picture for the 
pentaquarks. 
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Education of China, FANEDD and SRF for ROCS, SEM. 



T. Nakano et al., Ph ys. Rev. Lett. 91 , 012002 (2003). 
V. V. Barmin et al., hep-ex/0304040 [29] 
S. Stepanyan e t al., |hep-ex/0307018| [30] 
J. Barth et al., hep-ph/0307083 [31] 
A. E. Aratayn, A. G. Dololenko and M. A. Kubantsev, 

hep-ex/0309042 [32] 

V. Kubarovsky et a l, |hep-ex/0311046| 

A. Airapetian e t al., |hep-ex/0312044| [33] 
A. Aleev et al., |hep-ex/0401024| [34] 
COSY-TOF Collaboration, hep-ex/0403011 

J.Z. Bai et al., hep-ex/0402012 [35] 
K. T. Knopfle et. al., hep-ex/0403020 [36] 
NA49 Collaboration, hep-ex/03 100T4T [37] 
H. G. Fischer and S. Wenig,|hep-ex/0401014| 
HI Collaboration, hep-ex/0403017 

D. Strottm an, Phys. Rev. D 20, 748 (1979); B. G. 
Wybourne, hep-ph/0307170 

R. Bijker, M. M. Giannini and E. Santopinto, 

hep-ph/0310281 

F.Buccella and P.Sorba, hep-ph/0401083 

F.Csikor, Z. Fodor, S D. Katz^ T.G . Kovacs, [38] 
hep-lat/0309090 S. Sasaki, hep-lat/0310014 
T.-W. Chiu, T.-H. Hsieh, hep-ph/0403020 
D. Diakonov, V. Petrov, and M. Ployakov, Z. Phys. A 
359, 305 (1997). [39] 
M. Praszalowicz, in Skyrmions and Anomalies ( M. Jez- [40] 
abek and M. Praszalowicz, eds.), World Scientific (1987), [41] 
112-131; M. Praszalowicz, Phys. Lett. B 575, 234 (2003). 
J. Ellis, M. Karliner and M. Praszalowicz 



lev. Lett. 91, 



hep-ph/0410127 

T. D. CohenTRTF. Lebed,|hep-ph/0309150| T. D. Cohen, 
hep-ph/0309111 hep-ph/0312191 
N. Itzhaki et al., hep-ph/0309305 

R. Jaff e and F. Wilczek , Phys. Rev. Lett. 91, 232003 
(2003); hep-ph/0312369 

M. Karliner a nd H. J. Lipkin, |hep^p h/0307243 
hep-ph/0307343 

E. Shuryak and I. Zahed, hep-ph/0310270 

F. Stancu and D. O. Riska, hep-ph/0307010 A. Hosaka, 



[42" 
[43 : 
[44 
[45| 



hep-ph/0307232] 

C. E. Carlson ct al, hcp-ph/0312325 
Y.-X. Liu, J.-S Li, C.-G. Bao,|hep-ph/0401197 | 
Shi-Lin Zhu, hep-ph/0307345 Phys. Rev. Le 
232002 (2003). 

R.D. Matheu s et al., |hep-ph/0309001| J. Sugiyama, T. 
Doi, M. Oka, |hep-ph/0309271| 
X.-C. Song and Shi-Lin Zhu, hep-ph/0403093 
F.Huang, ZY.Zhang, Y.WYu, B.S.Zou, 
hep-ph/03 10040 

C. E. Carlson et al., Phys. Lett. B 573 101 (2003). 

B. Wu and B.-Q. Ma, |hep-ph/0311331| 

B.C. Yu, T.K. Choi and C.R. Ji, |nucl-th/ 0312075 | A.W 
Thomas, K. Hicks and A. Hosaka, hep-ph/0312083 
Y. Oh, H. Ki m, S. H. Lee |hep'-pb/63i2229r ~G 
Hanhart et al., |hep-ph/0312236| ;Q. Zhao, J. S. Al- 
Khalili, |hep-ph/0312348| M . R Rekalo, E. Tomasi- 
Gustafsson, hep-ph/0401050 S. I. Nam, A. Hosaka and 

H. -C. Kim, 1hep -ph/0401074 T. Mehen and C. Schat, 
hep-ph/030410 7| 

S. Nussinov, | hep-p h/0307357 R. A. Arndt, I. I. 
Strakovsky, R. L. Workman, Phys. Rev. C 68, 042201 (R) 
(2003); J. Haidenbauer and G. Krein, hep-ph/0309243 
R. N. Cahn and G. H. Trillin g, |hep-h/0311245| ~ 
M. Karliner and H. J. Lipkin, hep-ph/0410072 
B.Jennings and K.Maltman, hep-ph/0308286 
F.E.Close,|hep-ph/0311087| F. E. Close and J. J. Dudek, 
|hep-ph/0401192| 
T. D. Cohen, |hep-ph/0402056 

I. Stewart, M. Wssling and M. Wise, hep-ph/0402076 
X.-G. He and X.-Q. Li, hep-ph/0403191 

P.-Z. Hua ng, W .-Z. Deng, X.-L. Chen, Shi-Lin Zhu, 
hep-ph/0311108, Phys. Rev. D (in press); Y.R. Liu, 
P.Z. HuangTW Z. Deng, XL. Chen and Shi-Lin Zhu, 
hep-ph/03 12074 Phys. Rev. C (in press); W. W. Li, Y. 
R. Liu, P . Z. Huang, W. Z . Deng, X. L. Chen and Shi- 
Lin Zhu, hep-ph/0312362 HEP & NP (in press); P.Z. 
Huang, Y.R. Liu , W.Z. Deng, X.L. Chen, Shi-Lin Zhu, 
hep-ph/0401191 



7 



[46] S. Coleman and S. L. Glashow, Phys. Rev. Lett. 6, 423 
(1961). 

[47] S. H. Lee, H. Kim, and Y. Oh, hep-ph/0402135 

[48] Particle Dada Group, Phys. Rev. D 66, 010001 (2002). 



[49] T. D. Cohen, Talk at the conference of " Pentaquark 
States: Structure and Properties", Trento, Italy, Feb. 
2004. 



